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Abstract 
Laboratory experiments showed that low viscosity scCO2 displacement of the brine into Mt Simon Sandstone and Eau Clair 
formation cores (FutureGen 2.0 Geologic Sequestration site, Jacksonville, Illinois, USA) was slow by advection, as scCO2 travels 
predominantly in larger pores, leaving significant brine in smaller pores. As the scCO2 displaces the brine in larger pores and 
carbonate partitions into the brine, the resulting acidification (pH 3 to 4) causes short-term mineral dissolution, ion desorption, 
and iron oxide particulate movement. Major aqueous biogeochemical changes observed over 1.2 years from core/brine/scCO2 
interactions includes:  a) significant increase in Mg2+, K+, and SO42- concentrations (10s to 100s of mmol/L), b) dissolution of the 
hematite coating on the quartz grains, c) significant precipitation of NaCl and KCl, and d) some anaerobic microbial growth. 
Electron microprobe analysis showed the formation of some NaCl and KCl, but precipitates were too small a volume to 
significantly change permeability.  Anaerobic microbial growth correlated with scCO2 (23.5x in 1300h), was also too small to 
influence permeability. Iron oxide particulate movement was observed as a result of scCO2 injection (acidification), but results 
could not conclusively correlate with formation permeability change.  The electrical resistivity change of the rock core from 
100% brine to 100% scCO2 was in the expected range (3x to 5x), with most of the change observed between 70% to 100% 
scCO2.  Field scale conditions simulated using these laboratory-measured electrical resistivity changes indicated insufficient 
resolution was likely at the field site using surface electrodes due to the depth of injection (1200 m). Overall, injection of scCO2 
into the brine-filled Mt Simon sandstone cores resulted in small geochemical and microbial changes over the short-term (< 1.5 
years) with some iron oxide particulate movement. 
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1.  Introduction  
Laboratory-scale experiments were conducted with Mt Simon sandstone and Eau Claire formation cores 
(FutureGen 2.0 Geologic Sequestration site, Jacksonville, Illinois, USA [1]) to evaluate changes in water quality and 
formation permeability, and associated biogeochemical processes resulting from the supercritical carbon dioxide 
(scCO2) injection into the saline reservoir.  In addition, changes in multifrequency electrical resistivity were 
measured to evaluate the potential for field scale use of electrical resistivity tomography (ERT).  The major process 
controlling scCO2 transport through brine filled sandstone is the fingering caused by viscosity difference, which 
results in a very slow displacement of the in situ brine by the very low viscosity scCO2. The relevance of this 
process is previously observed [2-7] at field scale is the scCO2injected plume will be significantly larger than if the 
scCO2 was fully displacing the in situ brine.  Fluid displacement experiments with cores were conducted under 
aquifer temperature (38oC) and pressure (10.3 to 12.4 MPa) conditions in flow-through high-pressure 1-D columns 
using inlet, outlet, and confining pressure syringe pumps.  Electrical resistivity measurements were conducted in 
columns constructed of PEEK, with stainless steel current electrodes at the each end of the core and silver/silver 
chloride potential electrodes near the middle of the core. 
 
The upper Mt Simon Sandstone (1194 to 1271 m depth) that is initially filled with 
brine is the primary injection formation.  Carbon dioxide injection will result in spatial 
and temporal variable brine and scCO2 saturation in the sandstone.  The Elmhurst 
sandstone (1096 to 1194 m depth) of the Eau Claire Formation above the upper Mt 
Simon sandstone will likely receive scCO2 as a result of buoyancy driven flow (i.e., 
upward migration) of the scCO2. X-ray diffraction analysis of the upper Mt. Simon 
sandstone shows ͻ͸Ψ ǡ ʹΨ ǡ ͳΨ  ȏ͸ʹͳ͵Ȑǡ  ͳΨ 
ȏ	ʹ͵Ȑǡ  ͲǤ͵    ͲǤͳ͵     Ǥ   

    Ǥ  A synthetic brine [8] was used consisting of major 
ions (Table 1) and trace metals present in minor concentrations in fly ash (Mn, Mg, Co, 
Ni, B, Mo, P, Zn, Se, Fe, NH4, Ca, Cr, As, Pb, V, Hg, Al, Ti, K, and S).  
2. Reservoir Fluid Displacement by scCO2 and Hydraulic Conductivity Change 
The displacement of the brine (density ~1.05 g/cm3, viscosity 1.0 cP at 20oC, w/5%NaCl 1.05 cP) by the much 
less viscous supercritical CO2 (density 0.6 to 0.9 g/cm3, viscosity 0.06 to 0.1 cP) was measured experimentally in 1-
D columns. Column experiments conducted in which residual water saturation was measured over a range of scCO2 
injections up to 140 pore volumes.  Results showed a fairly high water saturation of ~45% after 100 pore volumes of 
supercritical CO2 were injected (Figure 1a). Although the field scale scCO2 injection process is mainly supported by 
experiments of scCO2 injection into brine filled cores, over longer time scales (10s to 100s of years) as scCO2 
migrates upward due to buoyancy, brine will displace scCO2-occupied pores in the lower portion of the injection 
 
Figure 1. Average fraction brine with pore volumes injected in 1-D cores during: a) scCO2 injection into brine-filled cores, and b) brine 
injection into scCO2-filled cores. 
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zone.  Some experiments were conducted to characterize the residual scCO2 saturation during brine injection. 
Surprisingly, brine injection into scCO2 filled sandstone left considerable scCO2-filled pores, even after 30 pore 
volumes (Figure 1b).  By 1 pore volume of brine injection, the brine saturation in three experiments averaged 40%, 
by 10 pore volumes of brine injection, brine saturation ranged from 48% to 68%, and by 20 pore volumes of brine 
injection, brine saturation ranged from 58% to 78%.  Therefore, there is considerable heterogeneity in the upper Mt 
Simon sandstone, even at a small (cm) scale, which leads to non-uniform displacement of fluids, regardless of 
whether the injecting fluid should displace the initial fluid. 
The hydraulic conductivity of 17 intact cores (upper Mt Simon, lower Mt Simon, Eau Claire sandstone) were 
measured at four flow rates prior to and after scCO2 injection.  An additional 10 intact cores were used to measure 
iron oxide particulate movement. For experiments >100 hours, there was an apparent decrease in the hydraulic 
conductivity correlated with:  a) increasing reaction time of scCO2/brine/core, b) increasing percentage of scCO2 
relative to brine, and c) increasing injection amount (i.e., number of pore volumes).  The hydraulic conductivity 
decrease could be caused by:  a) precipitation (see Section 3), b) microbial growth (see Section 4), or iron oxide 
particulate movement.  As the influence of precipitates and microbial growth was small and iron oxide particulate 
movement significant, the apparent decrease in hydraulic conductivity was likely caused by the iron oxide particles.  
Particulate transport experiments showed some increase in iron oxide mass transported as a result of scCO2 injected 
(~110 mg particles/g core by 20 pore volumes), but it was not possible to separate whether the particle movement 
causes actual formation permeability decrease or just end frit clogging in the 1-D cores (i.e., experimental artifacts).  
Therefore, while the formation acidification could cause some particulate movement from the 1% hematite, the 
effect of particulate movement away from the injection well in the radial flow field at field scale is likely small. 
3.  Aqueous Ion Changes from scCO2 Injection 
With the introduction of supercritical CO2 into the saline reservoir at 12.4 MPa, there is a significant increase in 
the carbonate solubility in aqueous solution and corresponding acidification (pH 3-4), which causes short term 
desorption of metals and long-term (years) dissolution of mineral phases.  Simulation of scCO2 injection into a 
sandstone with overlying shale [9] indicated quartz, Na-smectite, albite and K-feldspar dissolution, and eventual pH 
neutralization with precipitation of kaolinite, calcite and dawsonite [NaAlCO3(OH)2] over 100s to 1000s of years. 
Although the upper Mt Simon formation (injection zone) is not a drinking water aquifer, there are possible water 
quality change concerns that include:  a) precipitation of iron or other carbonate in significant quantities that 
permeability would change, b) significant dissolution of a mineral phase that would alter permeability, and c) 
increase in solubility of a toxic metal as a result of pH or Eh changes. The increased risk due to a toxic metal 
solubility increase is not in the Mt Simon aquifer itself, but if CO2 and aqueous solution were to migrate into an 
 
Figure 2. Major cation (a) and anion (b) changes in Mt Simon or Elmhurst Fm differing CO2/brine mixtures over time (x-axis) using crushed 
core material.  Groupings are different percentage of CO2, with balance brine (i.e., 10% CO2 is 90% brine). 
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overlying aquifer that is used.  
 
Long term (to 1.3 years) core/brine/scCO2 experiments showed a significant increase in Na+, Mg2+, K+, Cl-, and 
SO42- concentrations (10s to 100s of mmol/L, Figure 2) indicating significant mineral dissolution was occurring.  
These increases were greatest for the highest scCO2 concentration, likely due to the greatest acidification.  The rate 
of dissolution appeared to be 100s of hours, based on the slow increase in Mg2+, K+, Na+, and SO42- concentrations. 
There is also some evidence of mineral precipitation with decreasing Ca2+ aqueous concentrations in 100s of 
hours.  Trace metals observed to increase included Fe, Ba, Mn, Sr, Ni, Sn, Bi, Cu, Li, P, and Zn with a rapid 
increase in aqueous Fe and Zn.  Trace metals observed with decreased concentration include Co, Pb, and Hg.  
Metals present as oxyanions (Cr, As, Mo) were below detection limits in all systems.  Mercury is a volatile product 
of coal combustion, so is also found in scCO2.  Experiments with an initial Hg concentration (688 ug/L) injected in 
the brine decreased to below detection limits (<12.5 ug/L) when reacted with rock core and scCO2.    
 
Solid phase analysis of core material by electron microprobe analysis of several samples at 98% scCO2/2% 
brine reacted for 1.2 years showed extensive formation of small NaCl crystals on silica (Figure 3a), KCl crystals 
on silica (Figure 3b), and KCl crystals on calcite (Figure 3b), likely the result of salting out [10]. Other minor 
precipitate phases identified include an iron oxide (likely hematite), forsterite on calcite, and a Pb-oxide 
precipitate.   
4. Anaerobic and Aerobic Microbial Growth 
It is hypothesized that the supercritical carbon dioxide itself does not stimulate aerobic microbial growth, but the 
minor components in the injection stream (O2, NOx, SOx) might stimulate aerobic microbial growth, as oxygen and 
nitrogen are electron acceptors.  Methanogenesis may be stimulated by the introduction of just the scCO2, although 
the extreme geochemical conditions of two fluid phases may limit growth. Trace metals are also used for microbial 
enzymatic pathways, so addition of bioavailable metals could also increase microbial growth to some extent.  The 
microbial biomass measured in the untreated Mt Simon sandstone 1197 m depth was 4.02 ± 4.01 x 105 cells/g (n = 
10).  This value is within the range previously reported for marine deposited sediments, but higher than reported for 
an arid fluvial-laid subsurface sediment.   In a study of sandstone and shale marine deposits in New Mexico from the 
late Cretaceous period (120-135 Myr) at a 137 to 229 m depth, or similar depositional environment to the Mt Simon 
sandstone and Eau Claire shale, microbial biomass averaged 3 x 107 to 2 x 108 cells/g [11], using a conversion of 
20,000 to 30,000 cells/pmol of PLFA [12. 13].  For comparison, as the Mt Simon sandstone was marine depositional 
environment, current sediments from deep Pacific ocean cores (3658 m water depth, 45 to 90 m depth into sediment) 
averaged 106 to 107 cells/g, with ocean floor sediments (i.e., at the sediment/water interface) averaged 108 cells/g 
[14].  To demonstrate that the cells are viable, a second sample of brine included a microbial growth media, which 
 
Figure 3. Electron microprobe analysis of upper Mt Simon sandstone treated with 98% scCO2 and 2% brine at 12.4 MPa and 38oC for 1.2 
years showing the formation of:  a) NaCl, b) KCl on quartz and calcite. 
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contained electron acceptors, trace metals, vitamins, and amino acids.  This media addition resulted in 540x growth 
in 770 h to a cell count of 2.16 ± 0.05 x 108 cells/g. 
 
Anaerobic microbial growth was observed that correlated with higher supercritical CO2 concentration only (no 
additional trace metals) from 4.02 ± 4.01 x 105 (0% scCO2) to 1.71 ± 1.08 x 106 (50% scCO2) to 4.49 ± 0.62 x 106 
cells/g (98% scCO2). This growth was statistically different and represents a trend relative to the untreated sample 
(4.02 ± 4.01 x 105 cells/g, Figure 4a).  Anaerobic growth as a function of the fraction scCO2 with additional trace 
metals was similar (Figure 4a, brown squares), but with slightly less growth.  It is possible that the anaerobic 
microbial growth effect is indirect.  Higher scCO2 concentrations acidify the system and desorb heavy metals from 
clay, iron oxide, and other mineral surfaces, and also cause dissolution of some of the ferric oxides.  Trace metals 
may, therefore, be more bioavailable (i.e., used in microbial enzymatic pathways).  Microbial growth by 500 h was 
7.5x, but by 1300 h was 23.5x, and then leveled off by 2300 h (possibly indicating limiting nutrients, Figure 4b).  
These time course experiments contained trace metals and trace gas components (NOx, SOx) likely to be in the 
scCO2 injection stream (but not the O2). The biomass increase by 2300h is significant, but not enough to influence 
permeability [15, 16]. 
 
Aerobic microbial growth was also investigated, as at some distance near the injection well, the mass of injected 
oxygen will be greater than the reductive capacity of the aquifer (ferrous iron in aqueous solution and any reduced 
Fe or Mn surface phases).  In general, aerobic microbial growth was significantly less (blue triangles, Figure 1b) 
compared with anaerobic microbial growth (green squares) at all time periods.  By 500 h, aerobic microbial growth 
was 3.3x and by 1300 h was 7.6x, and then leveled off by 2300 h.  If microbial growth continues over time, then it 
may be useful for microbial characterization to classify the types of microbes present (i.e., archaeal diversity by 
phylogenetic analysis of 16S rRNA gene sequences).  It should also be noted that while every effort was made to 
aseptically conduct experiments, drilling fluids (containing surface microbes) could have circulated into the core 
during drilling/core recovery.  Classification of the types of microbes would identify whether the microbes are 
common for the deep subsurface or likely from surface contamination. 
5.  Electrical Resistivity Monitoring of Fluid Displacement 
 Electrical resistivity tomography (ERT) measurements are well suited for monitoring CO2 storage because 
of the contrast in electrical properties between the electrically conductive brine and the resistive scCO2 in a deep 
reservoir.  The potential for ERT monitoring of CO2 injection has been previously investigated [17–22].  Successful 
field-scale ERT monitoring for carbon sequestration has been demonstrated at sites in Nagaoka, Japan; Ketzin, 
Germany, and more recently Cranfield, Mississippi.  At these sites the lateral extent of the CO2 injection volume 
was less than of a few hundred meters and a small number of borehole-electrode arrays were used.  At the Ketzin 
 
Figure 4.  Influence of additions of scCO2 and minor gas/trace metals on microbial growth at 38oC: a) as a function of fraction scCO2 
(all at 770 h), and b) as a function of time in aerobic and anaerobic systems.  Vertical bars are ± standard deviation. 
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site, cross-well ERT monitoring was supplemented with a surface array to provide surface-surface and surface-
borehole measurements in addition to the cross-borehole arrangements.  
The relationship between bulk electrical conductivity (EC) and scCO2 saturation was investigated using the 
following experiments that were conducted using Mount Simon and Eau Claire Formation cores approximating in 
situ conditions.  In the first stage, cores were initially saturated with scCO2 and brine was injected into a core to 
obtain EC values at low brine saturations.  In the second stage, cores were initially saturated with brine and scCO2 
was injected into the core to obtain EC values at higher brine saturations.  For both stages of the experiment, bulk 
EC and the mass of the entire pressure chamber were measured after ~0.25, 0.5, 1, 3, 9, and 25 pore volumes were 
injected into the cores.  To measure the mass and collect 
accurate EC measurements, valves were closed to the core 
holder and pressure lines were disconnected.  The entire 
pressure chamber was weighed and the scCO2/brine 
saturation was calculated from the change in mass 
associated with the difference in specific gravity between 
scCO2 (density = 0.69 g/ml) and brine (density = 1.05 
g/ml) and the porosity and volume of the sample. The 
results (Figure 5) shows the bulk conductivity over the 
brine-saturated bulk conductivity versus the brine 
saturation.  Although the full range from 100% brine 
content to fully scCO2-saturated shows a very large 
decline in EC, the brine saturation is not expected to go 
below 0.4, which at most corresponds to approximately a 5 
times reduction in bulk electrical conductivity.  Given the 
expected background from surface-current electrodes 
interrogating a plume at 1200 m depth, it is unlikely that 
the ERT change would be sufficient to be able to 
characterize the injected scCO2 plume (see also [23]). 
6.  Summary 
Experiments showed that low viscosity scCO2 displacement of the brine is slow by advection, as scCO2 travels 
predominantly in larger pores, leaving significant brine in smaller pores.  After 10 pore volumes of scCO2 injection, 
scCO2 saturations were 25 to 40%, and after 100 pore volumes of injection, scCO2 saturations were only 50 to 65%.  
In contrast, brine displacement of the scCO2-filled core was more rapid, with brine saturations reaching 45 to 70% 
after 10 pore volumes of brine injection. There was an apparent decrease in the hydraulic conductivity correlated 
with:  a) increasing reaction time of scCO2/brine/core, b) increasing percentage of scCO2 relative to brine, and c) 
increasing injection amount (i.e., number of pore volumes).  The decreased hydraulic conductivity could be caused 
by:  a) precipitate formation, b) microbial biomass growth, or c) iron oxide particulate movement.  Particulate 
transport experiments showed some increase in iron oxide mass transported as a result of scCO2 injected (110 mg 
solids/g core), but it was unclear whether particulates resulted in decreased formation permeability or just end frit 
clogging in the 1-D core experiments.  While precipitates formed and some microbial growth was observed as a 
result of scCO2 injection into cores, the effect was small and did not influence formation permeability.  Major 
geochemical changes observed over 1.2 years include:  a) significant increase in Mg2+, K+, and SO42- concentrations 
(10s to 100s of mmol/L), b) dissolution of the hematite coating on the quartz grains, and c) precipitation of NaCl and 
KCl.  The observed increase in Mg2+ and K+ concentrations are high enough and the same order of magnitude as 
carbonate (in the 10 to 300 mmol/L range) that there may be an influence on carbonate solubility and precipitation.  
The rate of mineral dissolution appeared to be on the order of 100s of hours, based on the slow increase in Mg2+, K+, 
Na+, and SO42- concentrations.  Electron microprobe analysis of the sandstone after year-long experiments showed 
the formation of some NaCl, KCl, and minor amounts of Pb-oxide, and forsterite precipitates, but none in large 
enough amounts to significantly change the hydraulic conductivity.  Trace metals observed to increase during scCO2 
injection (i.e., acidification) include Si, Fe, Ba, Mn, Sr, Ni, Al, and Sn.  Geochemical simulations show that over the 
long term, as the pH is buffered, carbonate should precipitate as aragonite, calcite, and magnesite.  The microbial 
biomass measured in the untreated Mt Simon sandstone 1197 m depth was 4.02 ± 4.01 x 105 cells/g, within the 
 
Figure 5.  Relative bulk conductivity versus brine saturation with 
calculated Archie’s Law parameters for the Mount Simon 
(triangles) and Eau Claire (circle) cores.  The solid line is 
calculated using typical Archie’s law parameters for sandstone.
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range previously reported for marine deposited sediments.  Anaerobic microbial growth was observed that 
correlated with higher supercritical CO2 concentration only (23.5x) by 1300 h.  Less aerobic microbial growth was 
observed correlated with supercritical CO2 concentration (7.6x) by 1300 h.   This result is consistent with (but does 
not prove) methanogenesis occurring where the in situ microbial population is utilizing CO2 (i.e., carbon is the 
electron acceptor in this case) for methane production.  The presence of oxygen that would occur near the injection 
well would inhibit methanogenesis. Overall, the 23.5x growth observed would have no influence on permeability in 
the Mt Simon sandstone.  Finally, the electrical resistivity change from 100% brine to 100% scCO2 was in the 
expected range (3x to 5x), with most of the change observed between 70% to 100% scCO2.  Field scale conditions 
simulated using these laboratory-measured electrical resistivity changes indicated insufficient resolution was likely 
at the field site using surface electrodes due to the depth of injection (1200 m). Overall, injection of scCO2 into the 
Mt Simon sandstone brine-filled cores resulted in small geochemical and changes over the short-term (< 1.5 years) 
with some iron oxide particulate movement. 
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